The lesser white-fronted goose is a sub-Arctic species with a currently fragmented breeding range, which extends from Fennoscandia to easternmost Siberia. The population started to decline at the beginning of the last century and, with a current world population estimate of 25,000 individuals, it is the most threatened of the Palearctic goose species. Of these, only 30-50 pairs breed in Fennoscandia. A fragment of the control region of mtDNA was sequenced from 110 individuals from four breeding, one staging and two wintering areas to study geographic subdivisions and gene flow. Sequences defined 15 mtDNA haplotypes that were assigned to two mtDNA lineages. Both the mtDNA lineages were found from all sampled localities indicating a common ancestry and/or some level of gene flow. Analyses of molecular variance showed significant structuring among populations (/ ST 0.220, P < 0.001). The results presented here together with ecological data indicate that the lesser white-fronted goose is fragmented into three distinctive subpopulations, and thus, the conservation status of the species should be reconsidered.
Introduction
The lesser white-fronted goose Anser erythropus is a sub-arctic species classified as vulnerable (Tucker and Heath 1994) with the current world population estimated at ca. 25,000 individuals (Lorentsen et al. 1999) . The most threatened of the populations breeds in Fennoscandian Lapland, where more than 10,000 individuals existed at the beginning of the last century (Merikallio 1915) . Population decline began in the first half of the last century, and the present population estimate for the Norwegian, Finnish and Swedish Lapland is 30-50 breeding pairs, i.e., not more than 200 individuals including non-breeding birds (Øien et al. 1996) . Hunting and habitat loss in staging and wintering areas are considered the most important reasons for the overall decline (Madsen 1996; Tolvanen et al. 2000) .
The breeding area of the lesser white-fronted goose extends from Fennoscandian Lapland to north-eastern Siberia (Cramp and Simmons 1977) . As a consequence of population decline, a previously continuous breeding range (Figure 1 ) has contracted into few more or less distinct breeding areas: Fennoscandia, Ural/Yamal, southern Taimyr and north-eastern Siberia (Lorentsen et al. 1999; Morozov 2000; Syroechkovsky 2000) , the last of which is poorly surveyed and may contain several breeding areas. Western breeding birds migrate via north-western Kazakstan to mostly unknown wintering areas in the Black and Caspian Sea regions or via north-western Russia to Greece and Turkey, whereas eastern breeding birds overwinter mainly in China (Iwabuchi et al. 1998; Lorentsen et al. 1999; Markkola et al. 2000) . Migratory flyways (Figure 1 ) merge towards wintering grounds where mixing of individuals from different breeding areas may occur.
Information about potential local adaptations and ecotypes are particularly relevant in determining management actions (e.g., Crandall et al. 2000) , but preservation of genetic lineages created by isolation even in the absence of divergent selection has also value (e.g., Moritz 2002) . Reliable ecological data can be difficult to access in a threatened species e.g., because of a small number of individuals or remote and vast distributional areas, as is with the lesser white-fronted goose. Also, adaptive responses to selective pressures often have a polygenic basis (Lande 1981) , which is difficult to assess directly. However, a strong correlation between measures of differentiation at quantitative traits and neutral markers suggests that the latter may provide an indicator, albeit conservative, of a population subdivision also for adaptive traits (Lynch et al. 1999; Merila¨and Crnokrak 2001) .
In this study, we report on analyses of the mtDNA control region variability in lesser whitefronted geese from both breeding and non-breeding areas to address the issues of population genetic structure, gene flow and conservation units. Little genetic differentiation within the species might be expected due to a recent colonisation of northern breeding areas and a lack of pronounced geographical differentiation in morphology (Cramp and Simmons 1977) . Furthermore, a good dispersal ability and possible mixing of individuals originating from different breeding areas on the wintering grounds where pair formation of adults presumably takes place, as has been shown in the Greenland white-fronted goose (Warren and Fox 1992) and Canada goose (Raveling 1969) , are also factors suggestive of low levels of differentiation. On the other hand, the timing of pair formation Figure 1 . Historical distribution of the lesser white-fronted goose (shaded area) and mitochondrial haplotype frequencies in the locations sampled in this study. The size of each circle is proportional to the number of individuals analysed. Known or alledged migration routes are shown by arrows. For abbreviations, see Table 1. within the annual cycle may vary in different age groups. In the lesser white-fronted goose, the second calendar-year birds arrive in association with adult pairs to a pre-breeding staging area in late May (Aarvak and Øien 2001) at which time they are isolated from other breeding populations. Most of the young birds will then form pairs with other two calendar-year birds or single adults, implying that the potential of mating with birds from other breeding areas are restricted to remating of adults or subadult birds during migration periods and wintertime (T. Aarvak and I.J. Øien, own observations). Similarly, the initial pair formation of young barnacle geese occurs predominantly in spring (Owen et al. 1988) . The pair bonds of the geese are considered to be both monogamous and of a long term. Forslund and Larsson (1991) found that about 90% of the barnacle goose pairs remain together from one breeding season to the next and that most of the mate changes are a consequence of death of one partner. Some genetic differentiation could also be predicted based on a patchy distribution within a large geographical range, isolation by distance and female natal philopatry maintaining any structuring (Greenwood 1980) . At the eastern Taimyr, there is a migratory divide (Berthold 1993) where migratory directions of adjacent breeding populations differ (Rogacheva 1992; Syroechkovsky 1996) and which splits the species into eastern and western distributional areas. Congruently, there are habitat differences between the western and eastern breeding areas of the lesser white-fronted goose (Karvonen and Alhainen 1998; Øien et al. 1999; Morozov 2000; Syroechkovsky 2000; Romanov 2001; Mineev and Mineev 2004) suggesting that adaptive differences potentially exist among them.
Materials and methods
In total, 110 lesser white-fronted geese from seven localities ( Figure 1) [1996] [1997] [1998] [1999] . From the non-breeding areas, 10 individuals from Kustanay oblast, Kazakstan, one from Shabla Lake, Bulgaria, and 17 from Donting Lake, China, were sampled between 1996 and 1999. Because only one individual was sampled from Bulgaria, it was combined with the Kazakstan sample. Material (blood, feathers, muscle tissue) for the study was collected by the Wetlands International Lesser White-fronted Goose Task Force members during fieldwork and ringing of the geese in Finland, Norway and Russia or from birds collected from local hunters or poachers in China and Kazakstan in accordance with local legislations. With moult feathers, special attention was given to exclude the possibility of sampling the same individual more than once. From each locality, feathers from a certain position on one wing (e.g., right wing, 1st secondary) were included in the analyses. The total DNA from blood and muscle tissues was isolated using standard procedures with phenol-chloroform extractions. For the feathers, a Chelex-based DNA isolation procedure was used (Walsh et al. 1991) .
In Anser geese, a nuclear copy of mtDNA has been described (Quinn 1992; Ruokonen et al. 2000a ), and we previously designed mtDNA-specific primers that amplify an approximately 470 bp fragment spanning from ND6 to control region I (L16642 and H411; Ruokonen et al. 2000a ). The mitochondrial origin of the most common haplotypes (W1 and E1) has been confirmed by mtDNA isolation and long-PCR (Ruokonen et al. 2000a ). For feathers, especially old ones for which DNA fragmentation might present a problem, we have designed primers (L180 and H466; Ruokonen et al. 2000b ) that amplify a shorter fragment of the mitochondrial control region I (286 bp, excluding primers).
Standard PCR amplifications were performed in a reaction volume of 100 ll containing total DNA, 1 lM of each primer, 10 mM Tris-HCl pH 8.8, 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton X-100, 200 lM of each dNTP and 2U of Dynazyme (Finnzymes). The amplification profile for templates isolated from blood or muscle (primers L16642 and H411) was 30 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 15 s and synthesis at 72°C for 1 min. For templates isolated from feathers (primers L180 and H466), the amplification profile was the same, except that a temperature of 60°C was used for annealing and the number of cycles was increased to 40. PCR products were purified from 1% agarose gel and dissolved in 1/10 of the original volume. Doublestranded DNA sequencing of PCR products was performed using dye terminator automatic sequencing with ABI PRISM 377 in accordance with the ABI PRISM User's manual. PCR primers were used for sequencing. The sequences have been deposited in GenBank with accession numbers AF159955, AF159956, AF234602-AF234609, AF317910-AF317913 and AY377464.
The sequences were aligned manually, and a minimum spanning network was constructed in Arlequin v. 2.001 (Schneider et al. 2000) . The position of the root for lesser white-fronted goose haplotypes was determined by using two greater white-fronted goose Anser albifrons sequences as an outgroup (AF159959, AF159958; Ruokonen et al. 2000a ) with a maximum parsimony analysis in PAUP*4.0b6 (Swofford 1998) using TBR option and 100 bootstrap replicates. Haplotype (ĥ) and nucleotide (p) diversities were calculated as in Nei (1987, Equations (8.5 ) and (10.5), respectively).
The extent of genetic differentiation among localities was assessed using AMOVA (Excoffier et al. 1992) . The amount of differentiation was determined at two levels: among sampling localities and among groups. The Kazakstan sample was included in pairwise comparisons of populations only. The statistical significance of / ST and / CT was tested with a randomisation procedure in Arlequin v. 2.001 (Schneider et al. 2000 ). An appropriate DNA substitution model was chosen using Modeltest 3.06 (Posada and Crandall 1998) , and thus, the HKY85 model (unequal base frequencies, unequal transition-transversion rates; Hasegawa et al. 1985) was used to estimate genetic distances.
Gene flow was estimated based on population pairwise / ST values using the equation N f m f ¼ 0.5(1// ST )1) (Slatkin 1993) and by using the program Migrate v. 1.6.9 (Beerli and Felsenstein 2001) , a maximum likelihood method based on coalescence theory. In Migrate, an adaptive heating scheme with four heated chains was used to escape local peaks, and a random starting tree option was used to search the parameter space more efficiently, and three separate runs were made. The correlation between genetic differentiation, / ST , and geographical distance was tested using Mantel's test in Arlequin v. 2.001 (Schneider et al. 2000) , and only individuals from breeding localities and China were used for the test. When more than one sampling point (within a few hundred kilometres) existed for a locality, coordinates were approximated to the core area. Geographic distances were estimated as orthodromes. For the Chinese wintering population, coordinates were chosen from a known breeding area of the eastern population in Indigirka, Yakutia in eastern Siberia.
Results
For 110 lesser white-fronted geese from four breeding, one staging and two wintering areas, 221 nucleotides of the mitochondrial control region I were sequenced. In a previous study, Ruokonen et al. (2000a) had shown that this fragment of the control region contains approximately half of the variable sites in the whole control region in Anser geese. Sequence comparison revealed 19 (8.6%) variable sites in which 17 transitions and two transversions (Table 1) were observed. The variable sites defined 15 haplotypes. Eighty individuals (72.7%) carried one of the two most common haplotypes and six (5.5%) of the individuals possessed unique haplotypes. The remaining seven haplotypes were found in two to six individuals each. Haplotype frequencies in each of the sampling areas are shown in Figure 1 . The average pairwise nucleotide divergence among all individuals was 1.4% (range 0-4.2%).
The haplotypes formed two distinct lineages (designated W and E) in the minimum spanning network (Figure 2 ). Two out of 19 variable nucleotide positions were diagnostic for the lineages (45, 145), and three nucleotide positions showed marked differences in nucleotide frequencies between the lineages (21, 114, 200) . Nine of the haplotypes (W1-9) belong to lineage W and the remaining six (E1-6) to lineage E. The root was located to the branch connecting haplotypes W1 and E1 by using greater white-fronted goose sequences as an outgroup (data not shown).
The two most common haplotypes (W1, E1) are geographically widely distributed (Table 1, Table 1 . Figure 1 ). Of the remaining 13 haplotypes, 10 are confined to single geographical areas, and three were found in two or three localities. All analysed museum samples from Fennoscandia were of haplotype W1, the most common haplotype in the western distributional area.
Despite a weak phylogeographic structuring of the haplotypes, the fixation index / ST showed a significant genetic differentiation among geographical localities (/ ST 0.220, P < 0.00001). Pairwise estimates of / ST ranged from 0.000 to 0.489 between the localities (Table 3) . Overall, most of the variance can be assigned to differences between Fennoscandia and other localities (/ ST 0.134-0.489), as well as Yamal and eastern localities (/ ST 0.111-0.135). Samples from Bolshezemelskaya and Yamal are indistinguishable in terms of genetic variability, as are those of Taimyr and China (/ ST 0.000 in both cases). As expected, Kazakstan, as an important migratory stopover site (see Figure 1) , did not show a statistically significant differentiation when compared to the other populations.
Three different group structures were tested. The highest / CT was obtained by dividing the data into three groups: (1) Fennoscandia, (2) Bolshezemelskaya, Yamal, and (3) Taimyr, China (/ CT 0.220, P ¼ 0.065). Lower values of / CT were obtained when two other group structures (1) Fennoscandia and (2) Bolshezemelskaya, Yamal, Taimyr, China or (1) Fennoscandia, Bolshezemelskaya, Yamal and (2) Taimyr, China, were tested (/ CT 0.197, P ¼ 0.196 and / CT 0.204, P ¼ 0.095, respectively). Association between genetic differentiation and geographical distance between localities was not significant (Mantel's test: r ¼ 0.53, P ¼ 0.14). However, given the small number of populations, it is difficult to detect spatial correlations.
The number of females migrating between populations per generation (N f m f ) was estimated from population pairwise / ST values ( Table 3) . The largest values were detected between Bolshezemelskaya and Yamal, as well as between Taimyr and China. The lowest values occurred between Fennoscandia and the two easternmost populations (N f m f 0.5 and 0.8). The amount of gene flow was also estimated by using a maximum likelihood method based on the coalescent theory and allowing asymmetric migration rates among the populations (Table 4) . Gene flow from Fennoscandia to the other populations, from Bolshezemelskaya to Taimyr and from Yamal to Fennoscandia exceeded the rate of one female per generation. Similar results were obtained in three independent runs with Migrate, except that the gene flow estimates between Yamal and Taimyr showed some variation among the runs. On one occasion, in both directions the confidence limits in Table 4 , and thus the threshold of one female per generation, was exceeded. Nucleotide and haplotype diversity values (Table 2) were the highest for the Chinese wintering group suggesting that it may be a mixture of individuals from more than one breeding area. From the breeding areas, the highest diversity estimates were obtained from the Yamal population, and the lowest diversity values were obtained for the Fennoscandian sample. In the western (Fennoscandia, Bolshezemelskaya, Yamal, Kazakstan) and eastern (Taimyr, China) distributional areas, diversity values were similar (Table 2) . Although nucleotide diversities were equal for the mtDNA lineages, the haplotype diversity for lineage W exceeded that of lineage E (Table 2) .
Discussion

Population genetic structure
In the lesser white-fronted goose, two differentiated mitochondrial lineages occur. The most commonly advocated mechanism to create diverged lineages is vicariance, a longterm extrinsic barrier to gene flow during the history of a species (e.g., Avise et al. 1987 ). Extinctions of intermediate haplotypes especially in broadly distributed species with little gene flow (Avise 2000) or low dispersal distances and small population sizes even in a continuously distributed species (Irwin 2002) have also been suggested to create gaps in mtDNA trees. Both mtDNA lineages were found from all breeding and non-breeding localities sampled; thus, no strong phylogeographic structuring was observed. The relative frequencies of lineages W and E change gradually across the distributional area with an average proportion of 0.72 of W haplotypes in the western distributional area and 0.28 in Taimyr and eastwards ( Table 2 ). The lesser white-fronted goose is considered as a morphologically monotypic species, which could suggest that long-term allopatric divergence has not occurred in the history of the species. However, differences in breeding habitats among the western and eastern distributional areas (see below) suggest that divergence of the mtDNA lineages may have taken place in allopatry.
Few studies have reported on phylogeographic patterns of avian species breeding in the high latitudes of the Palearctic. Great spotted woodpeckers (Dendrocopos major) from the United Kingdom to the Russian North Pacific showed no phylogeographic divisions, and this was explained by a recent range expansion (Zink et al. 2002) . In the holarctic dunlin (Calidris alpina), the European and Central Siberian haplotypes overlap geographically across much of the Palearctic (Wenink et al. 1996; Wennerberg et al. 1999) . In Taimyr and east of it, most dunlins have Siberian haplotypes, whereas in Yamal and westwards, the European haplotype predominates (Wennerberg et al. 1999 ). This pattern is similar to that found in the lesser white-fronted goose. Phylogeographic breaks in Yamal-Taimyr area have been also found in Arctic lemmings (Lemmus, Dicrostonyx; Fedorov et al. 1999 Fedorov et al. , 2003 . Together these congruent patterns suggest that a glacial or other barrier existed in Yamal-Taimyr area during the last ice age. Number of individuals (n) and haplotypes (nH), haplotype (ĥ), nucleotide diversity (p) and proportion of lineage W haplotypes (W).
Historical biogeographical factors important for the divergence of the lesser white-fronted goose mtDNA lineages seem to have been more recent than in other bird species. Compared to another goose species, 2.5% divergence of the lesser whitefronted goose mtDNA lineages is more recent than 6.7% divergence of lineages I and II in the snow goose control region I (177 bp), but comparable to the divergence of 2.3% observed between western and eastern individuals within the snow goose lineage II (Quinn 1992) . By comparing the dunlin sequences of European and central Siberian haplotypes in Wenink et al. (1996) in the control region I (295 bp), the divergence of the lineages is 4.4%, also exceeding that for the lesser white-fronted goose lineages.
Gene flow
Usually, exchange of one to four females per generation is thought to prevent differentiation of mtDNA by drift alone (Wright 1978; Crow and Aoki 1982) . Estimates of gene flow based on / ST (Table 3 ) ranged from 0.5 to 0.8 females per generation (between Fennoscandia and the eastern populations) to an unlimited gene flow (Bolshezemelskaya and Yamal, Taimyr and China) suggesting high levels of gene flow between some localities. Maximum likelihood estimates of gene flow (Table 4) suggest that only few females migrate from eastern Taimyr to the western populations, whereas gene flow from westernmost Fennoscandia to the other populations exceeded one female per generation. Models for estimating population structure, such as F statistics, do not make a distinction between historical and recurrent population processes and thus affect indirect measures of gene flow (Whitlock and McCauley 1999) . If the divergence of the mtDNA lineages took place in allopatry and mixing of the lineages is due to secondary contact of two ancestral populations during colonisation of the present Statistically significant values are denoted by asterisks (***P < 0.001, *P < 0.05). ND -not determined. breeding areas, gene flow estimates obtained may reflect at least partly historical mixing and not necessarily on-going gene flow. The sex was known for 18 of the 28 individuals sampled from Fennoscandia. All eight known females carried haplotype W1, whereas the males carried a wide variety of haplotypes (5 · W1, 2 · E1, 1 · W2, 1 · W4, 1 · W8), including haplotypes W2, W4 and W8 that were observed outside Fennoscandia too (Table 1) . Despite possible mixing of the mtDNA lineages during colonisation of the present breeding areas as a whole, a statistically significant difference in haplotype composition among males and females in Fennoscandia (Fisher's exact test, P ¼ 0.036) may suggest that females show natal philopatry, but also that a considerable amount of male-mediated gene flow takes place. Considering that the Fennoscandian population is very small, the male gene flow observed is likely to reduce or eliminate otherwise possibly harmful effects of inbreeding. It is known that at least offspring production, a sensitive indicator of inbreeding, in Fennoscandia is comparable to that in other breeding areas of the lesser white-fronted goose (Aarvak et al. 1997) .
In addition to behavioural patterns such as timing of pair formation and degree of philopatry (Greenwood 1980; Robertson and Cooke 1999) which affect genetic structuring of a species, existence of at least two migratory flyways leading to different wintering areas (with different possibilities of mixing of individuals from other breeding areas) and possible temporal segregation in the use of staging areas appear to be plausible explanations for reduction in female dispersal between Fennoscandia and the other breeding areas. Known or alledged migration routes of the species are shown in Figure 1 . Approximately half of the Fennoscandian breeders use the westernmost migration route through Western Russia and Eastern Europe to the wintering grounds in Greece and Turkey (Lorentsen et al. 1998; Tolvanen et al. 2000) . The other half migrates through Kazakstan using the same staging area as breeding individuals from Yamal and Taimyr to unknown wintering grounds probably in the Caspian and Black Sea regions (Karvonen and Markkola 1998; Lorentsen et al. 1999; Øien et al. 1999) . In Fennoscandia, lesser white-fronted geese exhibit a bimodal distribution in arrival times to the last staging area before moving to the breeding grounds, suggesting that two migratory flyways are also used in spring . Differences in temporal use of staging areas have also been shown among whitefronted (Ely and Takekawa 1996) and brent goose Branta bernicla (Reed et al. 1989) populations.
Conservation implications
A lack of clear phylogeographic structuring of the mtDNA lineages suggests that the lesser whitefronted goose is a single evolutionarily significant unit (ESU; Moritz 1994 Moritz , 2002 . Below the ESU, another conservation unit, the management unit (MU), has been suggested as being important in ensuring the viability of a species. MUs are demographically distinct populations with significant divergence of allele frequencies at nuclear or mitochondrial loci, regardless of the phylogenetic distinctiveness of the alleles (Moritz 1994; . The Fennoscandian population fulfils the criteria for an MU, a finding that was not expected based on previous knowledge exemplifying the utility of molecular markers in conservation. Demographic distinctiveness with respect of the female component is especially important (Avise 1995) : that is if the Fennoscandian breeding population should go extinct, rapid recolonisation from near-by breeding areas is unlikely because of female natal philopatry and the global decline of the species.
As suggested by grouping of populations, the highest value of / CT (0.220) was obtained when the total sample was divided into three groups: (1) Fennoscandia, (2) Bolshezemelskaya and Yamal, and (3) Taimyr and China. A lower value was obtained when the sample was divided into two groups (Fennoscandia versus other, / CT 0.197, P ¼ 0.196) indicating that some differentiation also exists between central and eastern populations. Observations in eastern Taimyr near the area of migratory divide suggest that the subpopulation that migrates eastwards to the wintering grounds in China is either extinct or exists in very low numbers (Syroechkovsky 1996) . During the nonbreeding season, dispersal between the western population (wintering in Eastern Europe and the Black Sea-Caspian Sea region) and the eastern population (wintering in Central China) (Figure 1 ) is unlikely because of an intervening mountainous region. This means that the eastern and western distributional areas are already isolated with little (if any) gene flow.
When considering additional ecological data available on the species, the breeding areas of the populations differ in regard to breeding habitats and strategies for predator avoidance. In the western distributional area, the species breeds in open, spacious tundra, characterised by low vegetation (dwarf birches, willows, small shrubs: Friberg 1997; Karvonen and Alhainen 1998; Morozov 2000; Mineev and Mineev 2004) . In Taimyr and eastwards, the species breeds in a very different habitat, forest tundra and northernmost taiga Syroechkovsky 2000; Romanov 2001 ). Unlike in Fennoscandia where the species is found around lakes and ponds, typical nesting places for the lesser white-fronted goose in north-western Russia are often found on riverbanks with an advantage of early melting of snow in spring, and close to nests of large birds of prey, presumably decreasing the hunting pressure by arctic fox Alopex lagopus (Karvonen and Alhainen 1998; Morozov 2000; Mineev and Mineev 2004 ). These differences probably involve local adaptations, but are poorly studied with respect to, for example, ecological exchangeability (Crandall et al. 2000) .
Fragmentation of the distributional area of the lesser white-fronted goose together with population genetic structuring suggests that the conservation status of the species should be reconsidered. Dividing the species into three independent management units (Fennoscandia, central, eastern) would also heighten the vulnerability status above that currently acknowledged for the species .
